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INTRODUCTION 
There is a real and increasing need to monitor the presence and growth of cracks 
in key regions ofplant within the nuclear, gas and chemical industries [1]. A rugged, 
permanently attached sensor, capable of operating at temperatures in excess of 400° C, 
would have substantial benefits, since it would reduce the down-time costs incurred through 
the forced inspection of known or suspected flaws. By carefully measuring crack growth in-
situ, under plant operating conditions, remedial action can be taken, either during planned 
outages of the plant, or when the crack depth exceeds criticallimits. 
The overall aim of the research described here was to assess the feasibility of 
designing a monitoring system using ultrasound which would detect the weak diffracted 
signals from crack tips. In order to achieve this, a phased array transmitter was used in 
tandem with a multi-element receiving array. In this way, the ultrasonic beam could be 
steered onto the crack tip for optimum diffraction, whilst the multiple signatures from the 
receiver elements could be processed to form an image ofthe crack tip. The project was 
particularly challenging due to the temperature range involved ( 400-600° C), at which the 
materials and adhesives used in conventional piezoelectric transducers would be destroyed. 
Although ultrasonic Iaser generation and detection techniques are weil suited to these 
temperatures, the greater sensitivity of piezoelectric transducers makes them attractive for 
application in crack tip measurement. 
A NOVEL MONOLITHIC ARRA Y FOR HIGH TEMPERA TURE OPERA Tl ON 
A novel design of array has been adopted, which is robust and capable of operating 
at temperatures in excess of 400°C [2]. Although different piezoelectric and other 
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Figure l High temperature monolithic array. 
materials were investigated in different array configurations, the final result was the array 
shown in Figure 1. This monolithic array can operate in the frequency range 3 to 8 MHz 
and consists of a piezoelectric plate bonded to the surface of the test component, and a 
screen-printed alumina plate with electrodes which form the array elements. The arrays, of 
up to 64 elements, have been designed to optimize material sensitivity, single element 
directivity and pulse length. This is achieved through having no backing, a piezoelectric 
material with a large k1 at high temperatures, and electrodes as close as possible to the plate 
for maximum electric field at its surface. Also, for a short pulse length the piezoelectric is 
well coupled to the testpiece with no intervening shoe layer. 
Array Design and Choice of Materials 
A major consideration was the selection of materials for constructing arrays 
capable of operating at temperatures in excess of 400° C. Most of the materials used for 
room temperature transducers such as polymers, piezoceramics and fluid couplants are 
unsuitable. Thus instead ofthe conventional piezoceramic PZT, lithium niobate (LiNb03), 
having a Curie temperature of 1150° C, was chosen. Ceramic adhesive cements were used 
as a replacement for epoxy, and mechanically clamped connections were made instead of 
solder joints. Other piezoelectric materials were considered, including the relatively new 
bismuth titanate (Tc= 600° C), but initial assessment showed that it had no special 
advantages over lithium niobate. Unlike the piezoceramics, lithium niobate is anisotropic 
and a number of crystal cuts are available having different piezoelectric properties. It is also 
well matched to steel having an acoustic impedance of35 MRayls compared to steel at 
45 MRayls, and under ideal coupling conditions ofthe plate to the test component, pulse 
lengths as short as 1.5 cycles can be anticipated from the results of modeling. 
Using the criterion that longitudinal waves and not shear waves be excited by 
normal surface electric fields, two cuts are viable. The most attractive orientation is the Z-
cut, which has a high deg;ree of symmetry and produces the most uniform beam profiles. On 
the other hand, the Y/36 rotated cut ( the plate normal is rotated by 36° in the YZ plane), 
has a substantially better coupling coefficient, but being less symmetrical produces 
narrower beam profiles. Another important consideration for high temperature operation is 
the relative expansion coefficients between the different components making up the array. 
For lithium niobate, there are two coefficients along the a and c crystal axes; a = 15.148 
xl0-6/ °C and c = 7.8 xl0-6/ °C. Thus in the XYplane ofthe Z-cut the radial expansion 
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Figure 2 Screen-printed alumina array plate. 
coefficient is 15.148 x10-6fC, whilst in the plane ofthe Y/36° rotated cut, the coefficients 
are 15.148 x10-6fC along X and 10 x10-6fc normal to this axis. These values arenot 
incompatible with those ofthe test materials: mild steel (13 x10 ·6fC) and stainless 
steel(-20 x10-6fC). The value for the alumina substrate is 7.9 x10-6/C 
A typical array design consists ofthe piezoelectric plate, 1mm thick for 3.5 MHz 
operation, and a 1 mm thick alumina substrate (Figure 2), on which are printed thick-film 
tracks to form the electrodes. Lead frame pins are clipped onto palladiurn/silver pads on the 
substrate and fixed with cement. A typicallayout consists of 64 electrodes, 15-20 mm long, 
and 250 11m wide, on a pitch of 500 !lll. Altemate elements are connected on each side of 
the array with tracks fanning out to contact pads spaced at a standard half-pitch of 1.27mm, 
allowing the use of clip-on lead-frames. The resultant active area is 35mm by 20mm with 
an overall size of 50 mm by 50 mm. 
With no adhesive bond between the piezoelectric and the alumina array plate, the 
electrodes are kept close to the piezoelectric, but the residual air gap provides excellent 
acoustic isolation. lt also removes the problern ofthermal expansion mismatch at this 
interface due to the difference in coefficients between LiNb03 and alumina. These arrays 
promote more rapid manufacture than any of the other types, since they can be assembled 
in-situ. Firstly the test surface is prepared and the piezoelectric plate coupled to the test 
block using liquid or cement. The electroded alumina plate is then placed on top and 
clamped down as in Figure 1. As far as surface preparation is concemed, this does involve 
ensuring that a flattened area is available to take the array, and may involve some grinding. 
However, the high standard of ultrasonic testing applicable to the nuclear industry often 
involves surface conditioning of this type, and in practice the amount of material removed 
is small, 0.028 mm on a 1m diameter surface and 0.056 mm on a 500 mm diameter surface. 
The screen-printed, monolithic arrays are compact and easy to build, and have 
significant advantages over those with electrodes evaporated directly onto the surface of the 
piezoelectric plate . Whilst the latter can be more sensitive, the new arrays do not require 
highly-polished surfaces, and ifthe Iithium niobate is cracked, the elements remain fully 
945 
1.0 
0.5 
~ 
Q) 0 01 ~ 
~ 
..{).5 
-1.0 
33.0 34.0 35.0 36.0 
lirre(~ 
Figure 3 Pulse-echo response for a single array element on 36° rotated Y-cut LiNb03. 
active provided the alumina array-plate remains intact. Thesefeatures result in a low cost, 
reliable array. 
Array Performance 
Two important performance criteria for achieving good overall array performance is 
the pulse-echo response and beam profile ofthe single-array-element. Ideally, short pulses 
and as wide a beam profile as possible are required. 
The pulse shape shown in Figure 3 is the pulse-echo response from the backwall of 
a 75 mm testblock for the Y/36° rotated cut oflithium niobate. The pulse is 4-5 cycles 
long and has center frequency of 3.4 MHz. The cement used for the couplaut was a 
commercially available, high-temperature, refractory adhesive: Cotronics 989 alumina 
based cement. It was chosen for its fine particle size (average 100 J.liD) and a coupling-layer 
thickness of 150-200J.1m could be obtained with this material. The advantage ofusing 
cement isthat the plate can be bonded separately to the test-piece, after which only light 
pressure is required to hold the electroded array plate in contact with the piezoelectric. 
The steered beam profile of the array was measured by connecting it to an array 
controller and then placing it at the center of a quadrant block whose surface was scanned 
with an electrodynamic sensor. Marked differences were noted for the two cuts of Iithium 
niobate used. For the Z-cut array, the maximum amplitude ofthe steered beam showed a 
gradual and regular decrease as the steering angle was increased up to 70°. At each 
steering angle, the beam exhibited a regular, single central-lobe. The Y/36° rotated Iithium 
niobate array on the other band shows a more complicated profile, with side Iobes 
appearing in each plot, and a much faster decrease ofthe main lobe amplitude with angle 
up to 50°. Above 60°, another maximum appears that is no Ionger centered on the steering 
angle, and is possibly associated with increased plate wave generation and leakage into 
the specimen. Previous work (3] has shown that the element directivities can be associated 
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with elastic-wave sources having a Gaussian force profile, which are active on the surface 
of the specimen. The effective width of these sources is larger than the element itself, due 
partly to the Gaussian electric field on the bottom surface of the Iithium niobate, and partly 
to the high divergence ofwaves propagating within the plate from the top and bottom 
surfaces. Calculations show that for the 0.25 mm element-width used, the effective source 
width for the Z-cut case was 0.9 mm and for the Y/36 rotated, 2 mm. 
THE APPLICA TION OF ULTRASONIC ARRA YS FüR CRACK DEPTH 
MONITORING 
The practical problems of actually applying the arrays to the detection and 
measurement of cracks in a monitoring role were investigated. These included the 
attachment of the arrays to the test piece in terms of surface preparation and bonding, with 
the scheme shown in Figure 1 being the final result. Although it involves a flattening ofthe 
test piece, only small amounts of material are removed in large diameter components. This 
process may be compared with the spot-welding of strain gauges or the welding of rod 
waveguides for acoustic emission transducers. The disposition of arrays relative to the 
crack was also studied with single and tandem configurations being considered. Given the 
weak nature of the diffracted signals, a tandem configuration was selected with a 
transmission array on one side ofthe crack and a receiving array on the other, as in 
conventional Time-of-Flight Detection (TOFD) [4]. However, since the arrays are fixed in 
position, the beam from the transmission array is electronically steered onto the crack tip 
for maximum response, whilst A-Scans are taken from each element ofthe receiving array 
to create a B-Scan containing time-of-flight curves. 
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Figure 4 Data acquisition system for crack tip imaging. 
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An Array Controller for Beam-Steering in Transmission and Element-Switching in 
Reception 
A phased array controller was used to steer the transmitted beam from the array , 
during the beam-steering tests and directivity measurements [5]. This unit also formed a 
major component of the final monitoring system shown in Figure 4, and had a very good 
performance when used with the arrays. Linked to a PC, the user can specify the steering 
angle between +/- 70° in 1° increments. 
Software for Crack-Tip Ima~in~ 
Since the diffracted crack-tip signals are very small, significant improvement in 
crack measurement can be obtained by processing the individual A-Scans to remove 
unwanted signal components (gating and filtering), followed by synthetic aperture imaging 
ofthe B-Scan data, which compresses the time offlight curves to a point. Two algorithms 
were developed [6], which essentially assume the presence of a point reflector, and time-
shift the captured A-Scans by appropriate amounts, before surnming to give a single A-Scan 
for the focal point. In the first technique no assumptions are made as to the location of the 
transmitter, the tip position being found from the relative delays between the A-Scans. 
However, significant improvement can be obtained ifthe approximate location ofthe 
transmitter is taken into account, and this is the basis ofthe second algorithm. 
The Detection of Crack Tip Si~nals 
Experiments were conducted at room temperature on a series of fatigue-cracked 
specimens using the array controller. A-Scan data was recorded from each individual array 
element and the resulting B-Scan data processed as described previously to give an image 
of the crack tip. Although the very weak diffracted signal from the crack tip can be difficult 
to detect using conventional, low temperature TOFD probes, it presents a daunting 
challenge for high temperature arrays given the constraints of small element size, 
sensitivity and choice of suitable materials. However, it was demonstrated that provided 
all ofthe array data are processed and imaged, the position of a crack tip can be found to 
within +/-lmm. Although it was not practical to perform these measurements at high 
temperatures, for one example [6] ofa crack located at a true depth of 45.75mm a calibrated 
image ofthe crack tip showed the depth tobe 45.45 mm thus demonstrating the capability 
of the array system. 
HIGH TEMPERATURE OPERATION 
Simpler tests were carried out at temperatures up to 400° C which showed that the 
arrays could be bonded to the test piece, survive for an extended period of time without 
performance degradation, and give satisfactory single-element pulse performance. A series 
ofhigh temperature tests were conducted using a steel test block 20-30 mm thick, placed 
on the surface of an electric hot plate. Best results were obtained with Cotronics 989 
alumina-based cement, although other products in the range were assessed. Backwall 
echoes were measured at 409° C and were somewhat Ionger than that shown in Figure 4 At 
the operating temperature, the backwall echo remains stable; a test of 1 week duration 
showed no noticeable change. However, as the array is cooled below 305°C, thermal 
contraction leads to shattering of the lithium niobate. This is hardly surprising given that the 
expansion coefficient of the 989 adhesive is 8.1xl0-6fC, compared to 15.4x10-6/°C 
948 
... 
0 
.c 
E 
:::1 
c: 
c 
0 
E 
0 
"ii 
>. 
c;: 
t: 
<( 
18 
Figure 5 
Signal 
from hole 
Backwall 
ignal 
Time (J.lS) 23 
B-Scan data from a side-drilled hole at 250° C. 
for Iithium niobate. These results show that, given these constraints, Operation of the arrays 
is possible with satisfactory performance above 400° C. 
A test of the arrays' imaging capability was conducted on a heated test block 
containing a 1.5 mm side drilled hole. In this case the array controller was not used, but 
each separate element was fired in pulse echo mode with the received signal being captured 
and processed in a simple SAFT algorithm to form an image of the hole. Figure 6 shows 
the time offlight B-Scan feature from the hole at the operating temperature of 250° C. 
CONCLUSIONS AND FUTURE WORK 
The monolithic arrays show good promise for high temperature monitoring. In 
principle they are of simple construction and use materials capable of withstanding high 
temperatures. However, the crucial process in their fabrication is the bonding ofthe 
piezoelectric plate to the test component. Although the refractory cements work, they are 
not ideal, being porous and highly attenuative. However, it would be worthwhile 
investigating special formulations having a small particle size. There are other possible 
alternatives including metallic bonds and this will be an area offirrther study. 
Other items to be addressed include through-hole deposition and spot welded 
connections to the back ofthe array plate for morerobust attachment of connecting wires. 
Also of interest are the new piezoceramics currently being researched, with perhaps the 
most useful being a ceramic form oflithium niobate [7]. This material should have a 
reasonable coupling coefficient, be less brittle, and being more isotropic, will have good 
element directivity. 
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